We evaluated the influence of the geomorphology of Peru's Ica Basin on the dynamic response of soils of the city of Ica. We applied five geophysical methods: spectral ratio ( / ), frequency-wavenumber ( -), multichannel analysis of surface waves (MASW), multichannel analysis of microtremor (MAM), and Gravimetric Analysis. Our results indicate that the soils respond to two frequency ranges: 0 (0.4-0.8 Hz) and 1 (1.0-3.0 Hz). The -, which considers circular arrays, shows two tendencies with a jump between 1.0 and 2.0 Hz. MASW and MAM contribute to frequencies greater than 2.0 Hz. The inversion curve indicates the presence of three layers of 4, 16, and 60 m with velocities of 180, 250, and 400 m/s. The Bouguer anomalies vary between −17.72 and −24.32 mGal and with the spectral analysis we identified two deposits, of 60 m and 150 m of thickness. Likewise, the relationship between the velocities of 400 and 900 m/s, with the frequency = 1.5 Hz, allows us to determine the thickness for the layers of 60 (slightly alluvial to moderately compact) and 150 m (soil-rock interface). These results suggest that the morphology of the Ica Basin plays an important role in the dynamic behavior of the soils to low frequency.
Introduction
Ica Basin (IB) is a depression located in western central Peru between the Coastal and Western Andean mountains ( Figure 1 ). In lower basin is located the urban area of Ica city. The main geodynamic events affecting Ica are earthquakes, inundations, debris flows, rock falls, and sandy eolic deposit.
Ica has been severely damaged by earthquakes, such as the quakes in 1942 (7.8 Mw) and 1996 (7.6 Mw) and most recently the 8.0 Mw Pisco earthquake of 2007. The Pisco earthquake generated maximum intensities of VII-VIII on the Modified Mercalli Intensity Scale within a 250 km radio, including the cities Pisco, Ica, and Chincha. This was one of the largest earthquake of the last 300 years [1] and showed particular characteristics such as its duration (120 s) and a complex rupture process that induced a local tsunami. The most significant structural damage was observed in adobe and "quincha" houses, which resulted in more than 590 fatalities and 320 injuries [2] . The structural damage observed in more than 12 villages around Ica, Lima, and Huancavelica was mainly associated with local site effects (i.e., soil liquefaction along the coastline and in weakly consolidated soils), the age of structures, and landslides on the roads [3] . The study area is located on thick alluvial deposits composed of pebbles and small blocks embedded in a silty sand matrix [4] . This soil type and quality will contribute to generating damage on the surface when earthquake occurs; therefore, it is necessary to determine the sedimentary basin's geometry to better understand its dynamic behavior [5] . Understanding this depends on the soil and basin's physical and geomechanical properties (e.g., stratigraphy, lithology, layer thickness, and basal rock), because they control propagation velocity of shear waves ( ).
In this study, we evaluate the influence of the geomorphology characterization of the Ica Basin and the dynamic response of soils for urban seismic hazards in Ica. To estimate these characteristics, we applied five geophysical methods: spectral ratio ( / ), frequency-wavenumber ( -), multichannel analysis of surface waves (MASW), multichannel analysis of microtremor (MAM), and gravimetric method. We then used these results to know the seismic and geophysical properties of soils of Ica city and generate a twodimensional (2D) model of the Ica Basin.
Geological Framework.
The city of Ica represents 36% of the total surface of the Ica Department and is located in the lower part of the Ica River Basin (Figure 1 ). According to Gomez et al. [6] , the most representative geomorphological features in the area are the dunes, which are formed by coastal winds near the shoreline and the plain or alluvial valley the city sits on. The rocky basement of this region is characterized by a Precambrian coastal basal complex composed of metamorphic rocks and in surface by quaternary deposits. The soils in this area consist of sands and silty-sands with some fine contents. From a geotechnical perspective, Ica's urban area is characterized by soils with low bearing capacity (1.0-2.0 kg/cm 2 ), although some areas toward the southwest and southeast show very low (<1.0 kg/cm 2 ) and medium (2.0-3.0 kg/cm 2 ) bearing capacities, respectively.
Methods

Description of the Methods.
In order to know the influence of the geomorphology of the Ica Basin on the dynamic response of soils for urban in Ica, we applied five geophysical methods: spectral ratio ( / ), frequency-wavenumber ( -), multichannel analysis of surface waves (MASW), multichannel analysis of microtremor (MAM), and gravimetric method.
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Spectral Ratio ( / )
Method. This method allows calculating the empirical soil transfer function (FTE) from the spectral ratio of the horizontal and vertical component of an environmental vibration record (natural noise and/or noise generated by human activity) considering that the vertical component is not affected by the sedimentary deposits [7] [8] [9] [10] . These spectra allow us to know the dynamic parameters of the soil such as the fundamental frequency, the dominant period, and the maximum relative amplifications of the soil. Nakamura [11] reaffirms that the spectral quotient is a reliable estimate of the site transfer function for waves, allowing identification of the fundamental frequency of resonance of sedimentary deposits [12, 13] .
Frequency-Wavenumber ( -)
Method. This method allows obtaining the velocity profile of the shear waves ( ) and thickness of sedimentary deposits. This method considers that the array of sensors is traversed by a flat-wave front [14, 15] of known frequency, velocity, and direction of propagation, given in a two-dimensional space defined by the wavenumber in the direction of , [16] , Socco et al. 2010. Finally, the transformation frequency number of wave frequency - [14, 17, 18] allows obtaining the dispersion curve to determine the phase velocity of Rayleigh waves according to their vibration mode [19, 20] . The fundamental vibration mode is characterized by attenuation in amplitude as the depth increases and the superior modes (firstmode, second-mode, etc.) by presenting varying amplitudes at different depth levels [21] [22] [23] [24] . Likewise, the nature of the higher modes results from the constructive interference of wave reflection in the Earth's crust [25] [26] [27] , Foti et al. 2014 .
For -, the most sensitive parameters are associated with the reliability range of each seismic array (Figure 2(a) ) because they depend on distance ( ), wavelength ( ), and number of waves (K), where min and max, given in a two-dimensional space and (Figures 2(b) and 2(c)), define the greatest and least contribution of energy to propagating waves. In Figure 2 (d), the discontinuous curves sectorize the dispersion curves and delimit the highest resolution zones for the dispersion curve, identifying low energy zones (lower frequency values) and aliasing zones with several energy peaks (greater frequency values). The first is associated with the boundary imposed by the width of the central lobe of the array's response function, while aliasing is associated with the minimum spacing between geophones.
For the inversion of the dispersion curve, the neighbourhood algorithm [28] is considered, which makes use of Voronoi's cell decomposition of the spatial parameters, based on an approximation of the "misfit" function, which is progressively refined during the inversion process. The misfit is proportional to the error in the adjustment of the empirical dispersion curve with the theoretical curve obtained with the proposed velocity profile. This parameter must tend toward low values. For this approach, more than 500 speed models are generated to consider a misfit less than 0.2. The misfit function is defined by the following equation [29] :
where is the velocity of the frequency curve , is the velocity of the calculated curve at the frequency curve , 2 is the uncertainty of the frequency sample, and is the sample frequency number. Finally, the dispersion curve with its different modes, through a nonlinear process, is inverted in order to look for a theoretical profile that fits this experimental dispersion curve.
In order to validate the results, the velocity models ( ) obtained through this process were inverted to obtain a theoretical transfer function (FTT) by applying the ThomsonHaskell method for horizontal stratified media subject to SH wave action [20, 30] , to finally overlay the FTT with the empirical transfer function (FTE).
MASW and MAM Methods.
Both methods make it possible to determine the one-dimensional seismic profile of waves ( ) by means of surface wave measurement tests, the resolution of which differs at surface and deep levels, respectively. Multichannel arrays of sensors located at predetermined distances along an axis along the ground surface are considered. MASW considers waves generated by an impulsive energy source at predetermined points and MAM considers the recording of environmental vibrations. From these methods we obtain dispersion curves of Rayleigh waves (phase velocity of the superficial waves versus frequency) and their inversion allows us to determine the profile of wave velocity ( ) [31, 32] , Socco et al., 2010.
Gravimetric
Method. This method allows the depth of the soil-rock interface to be determined from the variation of gravity acceleration on the ground. The method detects variations in densities in geological units present in the subsoil (density > 2 gm/cm3 is associated with rocks and lower with sediments).
The gravimetric data were corrected by free-air using regional (Shuttle Radar Topographic Mission, SRTM) and local elevation models (50 × 50 meters' resolution grid). The Oasis Montaj software from Geosoft and an average rock density of 2.5 g/cm3 [33] were used to correct Bouguer. For topographic correction, the methodology proposed by Kane [34] and Nagy [35] is considered, in order to obtain a grid of topographic correction, which through a sampling operation assigns the correction value to each gravimetric point. Finally, the Bouguer anomaly values are triangular interpolated.
In order to estimate the depth of the anomalies, the spectral analysis method proposed by Spector (1968) and Grant (1970) is used, which allows the grid of Bouguer's anomaly to be transformed into the space domain and the frequency domain. The values corresponding to each slope of the spectrum, divided by 4 , allow knowing the average depth of the center of mass of each anomaly. The first line slope is associated with the depth of the masses generating the regional anomaly, the second with the depth of the intermediate sources, and the third with the more superficial sources. Figure 1 shows the locations of the individual measurement sites discussed in this study. To apply the / technique, we used microtremor data collected from 300 measurement points using a Lennartz LE-3D/5s seismometer and a CityShark digitizer, with a duration of 15 minutes per measuring point. To select which points to record, we considered the study area's geological and geomorphological characteristics, as well as the distribution of urban areas and accessibility. To apply the -method, we used microtremors data obtain by mean circular arrays of seismometers with 10, 30, 100, and 400 m radius, acquiring between approximately 30 minutes and 4 hours of data on each array, depending on its diameter. We considered the center of the arrays the "Campo Ferial of Ica." For these arrays we used 10 Guralp 3-channel seismometers, each with a 24-bit Reftek digitizer.
Data Acquisition
The MASW and MAM methods use linear arrays of geophones (sensors), located at predefined distances along an axis on the surface. The MASW method considers the waves generated by an impulsive energy source at predefined sites. In the MAM method, use environmental vibrations. Both methods allow us to obtain the dispersion curve of the surface waves (phase velocity versus frequency) and its inversion allows determining the -waves velocity profile ( ) [31, 32] We applied an absolute gravity correction, using as reference base a point near the Rio Grande Tunnel (978215.134 mGal) south of Ica (Figure 1 ). The position of each site (coordinates and ellipsoidal elevation) used the WGS84 system and was determined using a Nikon DTM-322 Total Station.
Results
The predominant frequency (Fr), shear wave velocity ( ) of the different soil layers, and the depth of the soil-rock interface are three important parameters in the characterization of physical and dynamic properties of soils to know the urban seismic hazards in Ica. These results show that in Ica's urban area there are two Fr ranges, 0 and 1. Although 0 tends to disappear, 1 shows higher values as the distance from/to the east from the basin's center increases. With these results we can infer that the dynamic behavior of the soils in Ica changes because the soilrock interface presents an irregular geomorphology. Figure 3 shows the tendencies of the dispersion curves obtained by different seismic arrays. The reliability ranges (dashed lines) delimit the areas of maximum resolution for the dispersion curve. In this case, for a radius of 10 m the frequency range is 10 to 15 Hz, for 30 m it is 5.0 to 8.0 Hz, for 100 m it is 2.5 to 4.5 Hz, and for 400 m it is 0.8 to 1.5 Hz. We observe that the energy between the curves varies strongly between 1 and 2 Hz, with a jump that defines two tendencies. The average of the curves is between 2 and 20 Hz, with a moderate deflection at 8 Hz. These tendencies are associated with two frequency ranges corresponding to different vibration modes of the Rayleigh waves. Our results show that the velocities for Curve 1 vary between 600 and 2000 m/s for frequencies between 0.6 and 1.0 Hz, whereas for Curve 2 they vary between 170 and 800 m/s for frequencies between 2.0 and 15 Hz. Because of the complexity of the dispersion curve, we conducted testing to obtain phase velocities combining the fundamental and higher modes of the dispersion curve, according to Figure 4 . We then inverted the data subsets to reconstruct International Journal of Geophysics The results from four different tests are described thus: Test 1: Curve 1 corresponds to a fundamental mode of the Rayleigh waves and Curve 2 is subdivided into the first and second superior modes of the Rayleigh waves (2.1 and 2.2, resp.). Test 2: Curve 1 corresponds to a fundamental mode of the Rayleigh waves and Curve 2 corresponds to a first superior mode. Test 3: Curve 1 corresponds to a fundamental mode. Test 4: Curve 2 corresponds to a fundamental mode. For the first three tests, we obtain velocities lower than 180 m/s at 25 m and 300 m/s at 38 and 136 m, respectively. These results are not consistent with the geology, geomorphology, and stratigraphy of the study area; therefore, we consider these scenarios not representative of the area.
Predominant Frequency (Fr
Shear Wave Velocity ( )
1D Profile Using the -Method.
Unlike these tests, Test 4 considers three shallow interfaces located at 4, 16, and 60 m. The first low-velocity layer would correspond to alluvial material and sandy soils, followed by the two layers showing velocities of 250 and 400 m/s, composed of moderately consolidated alluvial material to weakly compacted materials. Here as the depth increases, increases above 900 m/s. In this last case, FTT and FTE coincide with the fundamental frequency of 1.8 Hz; thus, this result is consistent with the areas geology, geomorphology, and stratigraphy.
1D Profile Using MASW and MAM.
We performed MASW and MAM surveys on the borders and in the central part of the basin. The combination of MASW and MAM techniques allowed us to obtain velocity profiles at depths up to 60 and 100 m. The obtained results are consistent with a model consisting of three layers ( Figure 5 ); the first with between 170 and 180 m/s is composed of loose alluvial material (sandy soils); the second with between 220 and 300 m/s is composed of moderately consolidated alluvial material; and the third with between 400 and 460 m/s is composed of weakly compacted materials. It is important to note that as the depth of the layer increases reaches values above 600 m/s. These values correspond to layers 40 m thick to the east of the city and 60 m thick to the west. At greater depths, increases to 800 to 900 m/s. In Figure 6 we present the results of the inversion, and we observe that for the fundamental frequency there is a correspondence between FTT and FTE represented by the gray line in each plot.
Depth of Soil-Rock Interface, Using Gravimetric Analysis.
In Figure 7 (a) we show the corrected Bouguer anomaly, which we obtained using the spectral analysis method proposed by Spector (1968) and Grant (1970) . In Figure 7 (b), we identify three gravimetric sources, associated with a residual or shallow anomaly (sources 1 and 2) and a regional or deeper (source 3) anomaly. In Figure 7 (c), we present the gravimetric profile including our interpretation. To the west, we observe that the sedimentary layer is 150 m thick, decreasing to 60 m as the topographic elevation increases. These results provide evidence that the geomorphology of the Ica Basin's soil-rock interface is quite irregular because thicker sediment layers are on the basin's western border.
Discussions
The spectral ratio curves are useful for determining the soil responses; its resolution is related to the impedance contrast of the materials, allowing defining different frequencies and/or frequency ranges at specific sites [36] . In some cases, a single peak indicates a homogeneous soil, and in other cases, more peaks are consistent with heterogeneous soils. However these peaks may not be directly associated with soil stratigraphy, but rather with nonlinear effects that sometimes lead to inadequate interpretation [37] . Hence, it is important to carefully analyze each peak frequency.
The soils in Ica respond to two frequency ranges ( 0: 0.4-0.8 Hz and 1: 1.0-3.0 Hz). Following the methodology of Semblat et al. (2002) , the maximum relative amplifications are analyzed in terms of amplitude, frequency, and location to evaluate their correspondence with geomorphology. In the central part of Ica, 0 shows an amplification factor of four, which decreases rapidly toward the west and gradually toward the east (Parcona village). 1 shows amplification factors between two and three in the sites on the right margin of the Ica River and amplification factors of five on the left margin. We observe that these values increase rapidly toward Parcona village, which is 30 m higher with respect to the elevation of the river. In general, these results show a correspondence of 0 with regional sources that are modulated by the Ica Basin's geomorphology and a correspondence of 1 directly with the stratigraphy of the sediments deposited on the basin. The results using seismic methods allowed us to determine that the Ica Basin's shallow stratigraphic limit fluctuates between 50 and 60 m depth with between 600 and 900 m/s. The gravimetric profiles also show that sediment thickness is variable along the profile, with layers of ∼150 m to the west and 60 m to the east.
To determine the depth of the more representative interfaces, we applied the relation To = 4 / [38], considering values of 400 and 900 m/s, with an average frequency of 1.5 Hz. Using these parameters, we found two interfaces, one at a depth of 66 and one at 150 m. The first interface appears to correlate with moderately consolidated to slightly compacted alluvial materials, and the second appears to correlate with the soil-rock interface. These results agree with those obtained from gravity measurements. On the other hand, in Figure 7 we show the polynomial fit used to determine layer thickness, which we then used to construct the 2D model for the city of Ica. The results show that the basin consists of an irregular concave surface with depths of 60 and 150 m in the center of Ica, increasing rapidly to the west and decreasing gradually to the east.
Our results allow us to conclude that 1 corresponds to the fundamental frequency of Ica subsoil and 0 is harmonic with a regional origin [20] modulated by the Ica Basin. Finally, the frequency variations at depth that are associated with the physical characteristics of the soil, local topography, and geomorphology (dunes, small hills, and plateaus) allow us to characterize and infer the geometry and alluvial contents of Ica. The depth and irregularities of the basin generate seismic waves associated with resonance effects within layers of heterogeneous composition.
Conclusions
In this study we determined that the soils in the city of Ica respond to two frequency ranges: 0 (0.4-0.8 Hz) and 1 (1.0-3.0 Hz). 0 is associated with a regional source modulated by basin geomorphology and 1 is associated with a local source that corresponds to the dynamic response of the sediment layer.
Gravimetric and seismic analysis results show that the depth of the rock-soil interface under Ica varies from 150 m to the west to 60 m to the east. The 2D model suggests that the Ica Basin's geomorphology consists of a concave structure with depths that range from 120 to 150 m in the center and decrease rapidly to the west and gradually to the east.
The correlation of the results obtained using the seismic, geophysical, and geotechnical methods suggests that the Ica Basin's irregular geomorphology plays an important role in the dynamic response of Ica's soils to low frequencies, which produces a variation in the frequencies and relative amplification in soils despite a relatively flat surface topography. The structural damage associated with the 2007 Pisco earthquake was larger in the west, which can be explained by the thicker layer there and the variable dynamic behavior. 
